Photosystem II (PSII) is a homodimeric protein-cofactor complex embedded in the thylakoid membrane that catalyses light-driven charge separation accompanied by the oxidation of water during oxygenic photosynthesis. Biochemical analysis of the lipid content of PSII indicates a number of integral lipids, their composition being similar to the average lipid composition of the thylakoid membrane. The crystal structure of PSII at 3.0 Å resolution allowed for the first time the assignment of 14 integral lipids within the protein scaffold, all of them being located at the interface of different protein subunits. The reaction centre subunits D1 and D2 are encircled by a belt of 11 lipids providing a flexible environment for the exchange of D1. Three lipids are located in the dimerization interface and mediate interactions between the PSII monomers. Several lipids are located close to the binding pocket of the mobile plastoquinone Q B , forming part of a postulated diffusion pathway for plastoquinone. Furthermore two lipids were found, each ligating one antenna chlorophyll a. A detailed analysis of lipid-protein and lipid-cofactor interactions allows to derive some general principles of lipid binding pockets in PSII and to suggest possible functional properties of the various identified lipid molecules.
Introduction
The reactions of direct transformation of light into biologically useful chemical energy via oxygenic photosynthesis take place in two multimeric protein-pigment complexes, denoted photosystem I (PSI) and photosystem II (PSII) [1, 2] , that are anisotropically embedded in the photosynthetic thylakoid membrane of cyanobacteria, green algae and plants. In PSII that catalyses the light-driven oxidation of water, solar energy is captured by pigments in antenna proteins and directed to the primary electron donor P680 of the electron transfer chain where charge separation takes place [3] . The PSII core complex (PSIIcc) from Thermosynechococcus elongatus that is deprived during purification of phycobilisome stacks located on the cytoplasmic side of the membrane contains at least 19 protein subunits of which 16 are membrane-intrinsic. The main membrane-intrinsic protein subunits of the PSIIcc are the reaction centre proteins (D1 and D2), the inner antenna proteins (CP47 and CP43), the heterodimeric cytochrome cyt b-559 (PsbE and PsbF) and a number of low molecular weight proteins of yet unknown function. In cyanobacterial PSII the three membrane extrinsic proteins PsbO (33 kDa), PsbU (12 kDa) and PsbV (cyt c-550) are associated at the lumenal side of the core assembly [4] .
During the past years, a number of crystal structures of membrane-intrinsic proteins involved in oxygenic photosynthesis have been published: PSI of cyanobacteria [5] and higher plants [6] , the cyt b 6 f complex of cyanobacteria [7] and algae [8] , the plant LHCII [9, 10] as well as medium resolution (3.2 Å to 3.8 Å) structures of cyanobacterial PSIIcc [11] [12] [13] [14] .
A general property of the thylakoid membrane of cyanobacteria, algae and plants is to provide the matrix for photosynthetic protein-pigment complexes (PSII, cyt b 6 f, PSI and ATP syntethase) catalysing the reactions of oxygenic photosynthesis [1] and to hinder the free diffusion of ions, a prerequisite for the generation of an electrochemical potential difference across the membrane that drives ATP synthetase. The lipid composition of thylakoid membranes is highly conserved among oxygenic photosynthetic organisms. It is composed of uncharged monogalactosyldiacylglycerol (MGDG; ∼ 50%) and digalactosyldiacylglycerol (DGDG; ∼ 30%), as well as anionic sulfoquinovosyldiacylglycerol (SQDG; ∼5-12%) and phosphatidylglycerol (PG; ∼ 5-12%) [15] . The found lipid composition of the thylakoid membrane for a number of thermophylic cyanobacteria is summarized in Table 1 . It should be noted that the lipid composition is dependent on the growth conditions, see for example [16] . Because of its high concentration in the thylakoid membranes, MGDG is the most abundant polar lipid species in nature. Compared to the animal, bacterial and nonchloroplastic cellular membranes, which are dominated by the presence of phospholipids, thylakoid membranes contain smaller amounts of phospholipids. The lipid molecules and proteins located in the membrane (membrane-intrinsic) each contribute about 50% of the total thylakoid mass. The high protein-to-lipid ratio is typical for energy converting membranes. A broad overview of the role of lipids in photosynthesis is given in Ref. [17] .
From a structural point of view lipid molecules can be divided into three different classes: (i) the bulk lipids in the membrane that interact non-specifically with the proteins; (ii) the annular lipids, that are in direct contact with the outer surface of the membrane embedded proteins; and (iii) the integral (non-annular) lipids, which are found at subunit interfaces within a protein complex. The integral lipids are residing at well-defined positions in the protein complexes and possibly have a specific function for example in folding or assembly of protein subunits. Excellent descriptions of these lipid classes are given in ref [18, 19] . The X-ray structures of the above mentioned protein complexes (except for PSIIcc at medium resolution where lipids could not be modelled with confidence) have shown a number of integrally bound (class iii) lipids.
Several biochemical studies highlighted the importance of the different classes of lipid molecules in PSII. It was observed that the pigment content and the photosynthetic activity were reduced in strains having mutations in the biosynthesis pathway of PG and therefore a reduced content of PG [20, 21] . In another study the oxygen-evolving activity was reduced by 40% in intact cells after 3 days depletion of PG [22] . This is most likely caused by inhibition of electron transfer from Q A to Q B , suggesting that PG is required for maintaining the binding site of Q B . Fluorescence measurements in mutants of Arabidopsis thaliana, which are severely deprived of DGDG, indicate that part of the DGDG molecules are specifically bound and affect predominantly the reaction properties of PSII on the electron donor side [23] .
Despite these findings only very limited biochemical information was available so far about positions of lipids within the PSII core complex. For instance, binding studies using lipidspecific antibodies revealed that SQDG is accessible at the outer surface of the D1/D2 heterodimer of tobacco [24] , and a tight binding of PG to the membrane intrinsic part of D1 was concluded from lipid analysis of the purified D1 protein [25] . A possible location of PG at the dimerization interface was concluded from phospholipase treatment of dimeric PSII from spinach [26] , and a hydrogen-bonding interaction of DGDG with various Tyr residues was found by FTIR studies on DGDG depleted PSII [27] .
Recently, our group published the crystal structure of PSIIcc at 3.0 Å comprising 77 cofactors per monomer including, for the first time, 14 integral lipids and three detergent molecules [28] . The total number of 14 identified lipid molecules was unexpectedly high and their locations are remarkable, as some are in close vicinity to redox-active cofactors and others are thought to form part of a hydrophobic diffusion pathway for plastoquinone 9 (PQ9) into and out of the Q B pocket.
Based on present biochemical and structural data, lipids must have important structural and functional roles in PSIIcc that will be highlighted here with respect to several questions: How do lipid molecules influence the structure of the entire complex and do they regulate protein-protein interactions of different subunits? Do lipids interact with cofactors, perhaps modulating their properties? Do the structurally characterized lipids explain the biochemistry of protein-lipid interactions?
Lipid content of cyanobacterial PSII
The lipid and detergent composition of PSIIcc from T. elongatus has been analyzed by means of thin layer chromatography (TLC), resulting in ratios of 3 n-dodecyl-β-D-maltoside (β-DM)/chlorophyll a (Chla) and 0.56 fatty acids/Chla for dimeric PSIIcc which could be crystallized, as well as 4 β-DM/ Chla and 1.0 fatty acids/Chla for monomeric PSII [29] , giving a minimum number of 10 lipids/P680 for dimeric PSII and 18 lipids/P680 for monomeric PSII. These numbers have to be treated as lower limits as loss of lipids during the isolation and quantification procedure is likely. This becomes obvious when comparing the found numbers with the number of at least 14 [30] 18 ± 6 41 ± 6 28 ± 6 16 ± 9 13 ± 5 Dimeric PSII from T. elongatus [30] 10 ± 4 37 ± 10 32 ± 10 13 ± 10 18 ± 7 Dimeric PSII from T. vulcanus [32] ≈ 25 29. lipids/P680 found in our recent X-ray structure. The ratio of the different lipids exhibited some variation between samples. The mean composition for dimeric PSII was 37 ± 10% MGDG, 32 ± 10% DGDG, 13 ± 10% SQDG and 18 ± 7% PG (see Table 1 and [30] ). Using a different purification protocol, Ohno and coworkers determined about 60 lipids/P680 of PSII from T. elongatus [31] . Sakurai et al. observed a lipid content of 27 lipids/P680 in PSII from Thermosynechococcus vulcanus [32] , but found a lipid composition within the purified PSII complexes (30, 21, 20 , 29% of MGDG, DGDG, SQDG and PG, respectively) that differs from the composition of the thylakoid membrane of this organism (44, 26, 25 , 6% of MGDG, DGDG, SQDG and PG, respectively). A comparison of the results from lipid quantification of various PSII preparations with the found lipid content in our X-ray structure is given in Table 1 . The large deviation from the number of 14 lipids identified in the X-ray structure can be explained by the fact that the used analytical methods do not allow to distinguish between free, annular, or integral lipid molecules. The biochemically determined numbers of lipids are therefore highly dependent on the used purification procedure and should be regarded as a rather rough estimate.
Characteristics and assignment of lipids in Photosystem II
The electron density maps of T. elongatus PSIIcc at 3.0 Å resolution showed elongated features, which could be assigned to phytol chains of Chla and pheophytin a (Pheoa), to carotenoids (Car), to isoprenoid tails of PQ9 as well as to fatty acid chains of lipids and to dodecyl chains of detergent molecules [28] . These organic moieties fill the volume between the subunits. Still, the difficulty is that the long fatty acid chains of the lipids show a high degree of flexibility and are therefore difficult to model and are often incomplete. In contrast, the lipid head groups could be identified by typical hairpin-shaped features in the electron density within the transmembrane region with the hydrophilic head groups close to both membrane surfaces where they interact with hydrophilic protein side chains (Fig. 1) . The assignment of lipid head groups was guided by the size of the respective head group, possible polar interactions between protein and the head group and the assignment of SQDG was supported by electron density for the sulphur atoms from anomalous difference X-ray diffraction data [28] .
In total we identified six MGDG, four DGDG, three SQDG, one PG as well as three β-DM molecules per PSIIcc monomer. The composition of the modelled and refined lipid molecules reflects the composition of lipids in the thylakoid membrane and is within the (relatively large) error in agreement with the biochemically determined lipid composition of our purified PSIIcc samples (see Table 1 ). As the largest deviation between the crystallographically and biochemically determined content is found for PG and a recent study on PSII form T. vulcanus revealed an elevated PG content of isolated PSII compared to thylakoid membranes (see Table 1 and [32] ) it is likely that at higher resolution one or two additional PG molecules might be identified in the electron density.
For three reasons we can state that all found lipids are "native" constituents of the PSII complex: (i) we did not add any lipids to our preparation during the purification procedure; (ii) the lipid to protein ratio is extremely decreased during purification, making diffusion of non-native lipids into the protein complex unlikely; and (iii) we observe unambiguous electron density for the head groups of all identified lipids in the structure, therefore a heterogeneity with regard to the nature of the head group can be excluded.
It should be noted that only lipid SQDG 4 could be completely modelled with two hexadecanoic acids, for the other lipids at least half of the acyl chain atoms (assuming an average lipid carrying one hexadecanoic and one octadecanoic acid) could be identified. Their chain length as well as saturation cannot be determined from electron density, maybe partially reflecting the natural heterogeneity of each lipid class with regard to the fatty acid composition or merely a too high degree of flexibility. The hydrophobic fatty acid side chains are anchored in the hydrophobic interior of the complex between transmembrane spanning α-helices (TMH) and mainly stabilized by hydrophobic interactions. However, higher resolution structures of PSIIcc might reveal the presence of additional lipid molecules (see paragraph on unassigned electron density) and in particular the location of annular lipid molecules that could not yet be identified because they are possibly disordered.
A general feature of the lipid binding pockets found in PSII is that the environment of the head groups (about seven to eight amino acids) is different compared to the environment of fatty acid parts. The latter reveal only very few contacts to protein side chains (about one amino acid per fatty acid chain) and are mainly interacting with aliphatic segments of other cofactors (phytol or isoprenoid chains, Car) or with other fatty acid chains in their surrounding ( Table 2 ). The predominant amino acids interacting with the fatty acid chains are Phe, Leu and Trp. This contrasts the amino acids in the binding pockets of the head 
ring Chla7 (3.3, 12) , head DGDG2 (13)/ring Chla41 (4.3), phyt Chla33 (7), fa DGDG2 (3.9), Car17 (8) 
ring Chla44O2D*, O1D*, head SQDG4 (9.2 S-P), Fe (17.1 P-Fe), Q A (13, 16.9 P-O), Q B (16, 18.9 P-O)/fa SQDG4 (3.4), phyt Chla44 (4.1), phyt Chla46 (4) groups where Tyr, Asn, Trp, and Arg predominate, and the amino acid composition of the lipid binding pockets differ depending on the kind of head group bound to them. For the negatively charged SQDG and PG a higher number of positively charged Arg residues are present in the binding pocket (1.75 Arg/(SQDG or PG) compared to 0.3 Arg/lipid for the neutral galactolipids). In addition the number of polar contacts, with an average of about four to five contacts between lipid and protein, varies dependent on the kind of head group. PG has seven polar contacts with the protein, SQDG four to five, MGDG about three and DGDG seven on average. These specific differences in the binding pockets could provide means for selection of a specific lipid head group over the other available ones during assembly of the complex. For example it seems likely that DGDG could only be incorporated in binding sites where the protein can provide a sufficiently high number of polar contacts and the negatively charged PG and SQDG are preferentially located in positively charged binding pockets. By contrast, the lower number of amino acids contacting the fatty acid moieties could allow for a lower specificity of the lipid binding and allow the incorporation of lipids with different fatty acid composition into one binding site.
The 14 lipids interact with about 120 amino acid residues from 13 of the 19 subunits of the complex (making contacts to less than 5% of the 2700 amino acids) but form contacts to 23 of the 52 organic non-lipid cofactors (44%) in the complex.
Arrangement of lipids in photosystem II
In the 3.0 Å resolution structure of PSIIcc, 11 lipid molecules surround the reaction centre, separating it from the antenna and low molecular weight subunits. The remaining three lipids and the three detergent molecules are located at the monomermonomer interface (Fig. 2) . The head groups of six lipids are located on the cytoplasmic side whereas those of the remaining eight lipids are on the lumenal side. The negatively charged lipids SQDQ and PG are exclusively bound to the cytoplasmic side. This observation follows the asymmetric distribution of positively charged Lys and Arg residues, which are predominantly found towards the cytoplasm, whereas negatively charged Glu and Asp residues are found predominantly on the lumenal side. Positively charged Lys and Arg residues have been frequently identified as coordinating amino acids of the negatively charged headgroups of phospholipids in membrane proteins situated in mitochondrial membranes [33] as well as in the here described structure of PSIIcc.
Several elongated features in the electron density could not be attributed to any specific cofactor and were modelled as aliphatic chains (labelled as unknown, "UNK" in the coordinate file). Considering their shapes and positions we expect that some of them belong to not yet identified lipid molecules. Two of these putative lipid sites are located on the cytoplasmic side of the complex: one at the monomer-monomer interface near PsbM and SQDG 13, capable to harbour one lipid molecule, while the second site located between D2 and CP47 subunits and near Chla 21, could accommodate one or two lipids. One lipid molecule may also be expected on the lumenal side of PSIIcc close to DGDG 5 and located in a pocket formed by subunits CP43, PsbJ, PsbK and unassigned subunit X1. If this were a lipid, its headgroup would be located near a putative Ca 2+ [28] that is coordinated by side chains of PsbK.
Lipid belt around the reaction centre
An excess of light can cause chemical damage to PSII as at high light intensities Chla triplet states can be populated and react with molecular oxygen to form singlet oxygen that may lead to oxidative damage of protein subunits and cofactors [34] . The most prone to this damage is subunit D1, which has to be constantly renewed (for a review of D1 turnover see Ref. [35] ). Interestingly, the shell of 11 lipid molecules around the reaction centre is asymmetric. Six lipid molecules (MGDG 1, DGDG 2, PG 3, SQDG 4, DGDG 5, and DGDG 6) are located at the interface between D1 and CP43, while only three (DGDG 8, MGDG 9, and MGDG 10) were identified between D2 and CP47 (Fig. 3) . The other two lipids (MGDG 7, MGDG 11) are located between D1 or D2 and smaller subunits. Biochemical data show that CP43 is easier disassembled from PSII than CP47 [26] , and that it is inserted during a later step of assembly [36] . Removal or motion of CP43 could facilitate the replacement of photo-damaged subunit D1. The increased lipid content at the D1/CP43 side of the complex provides flexible environment and might foster higher mobility of these subunits that is required to achieve rapid replacement of photodamaged D1 by newly synthesized D1.
The reaction centre of PSII (subunits D1 and D2) and subunits L and M of the purple bacterial reaction centre (PbRC) are related in amino acid sequence and in structure [37, 38] . Whereas the PbRC is surrounded by spatially separated outer antenna proteins, the so-called light harvesting complexes, the antennae of PSIIcc are formed by the tightly associated protein subunits CP47 and CP43. It is feasible to suggest that the ring of 11 lipids around D1/D2 could resemble the lipid environment around the reaction centre subunits of PbRC. The influence of the lipid composition on the redox potential of Q A /Q B was shown by reconstitution of PbRC in liposomes of varied composition [39, 40] . It could well be that the inner ring of lipids around the PbRC was conserved during evolution from a simple reaction centre (RC) to the more complex PSII as only part of the hydrophobic membrane lipids surrounding PbRC were replaced by the additional membrane intrinsic subunits in PSII. The presence of the lipid belt might also explain the possibility to biochemically isolate the so-called reaction centre preparations [41] composed of the reaction centre subunits D1 and D2, cyt b-559 and the low molecular weight subunit PsbI that are frequently used for spectroscopic studies of PSII.
Lipids and detergent at the monomer-monomer interface
The dynamic process of D1 replacement was shown to involve the monomerization of the PSIIcc dimer followed by the release of CP43 [42] . Kruse and coworkers reported the involvement of specific PG molecules in spinach PSII dimer to monomer inter-conversion [26] that provide a high degree of flexibility. Some involvement of PG in the formation of dimeric PSII was also found in studies on a deletion mutant of the biosynthesis pathway for PG in Synechocystis PCC 6803. In these mutant cells deprived of PG, the addition of PG was not essential for but accelerated significantly the reformation of dimeric PSII after high light treatment [43] .
PG plays also a crucial role in the trimerization of the plant LHCII complex [44] . In the recently determined crystal structure of pea LHCII a PG molecule binds at the monomermonomer interface [9, 10] , whereas three DGDG molecules fill a hydrophobic cavity on the three-fold axis near the lumenal side.
In the structure of T. elongatus PSIIcc six lipid molecules (SQDG 12, SQDG 13 and MGDG 14 from each of the two monomers) are found at the interface between the two monomers of PSII. Because lipids SQDG 12 and SQDG 13 form polar contacts to subunits from both monomers simultaneously (Table 2) , this suggests an important role of these lipids for monomer-monomer interaction.
In addition, six detergent molecules (three per PSII monomer) are located at the monomer-monomer interface and occupy a large cavity located between subunit D1 of one monomer and CP47 of the other monomer and hydrogen bonded to both monomers. When PSII is located in the thylakoid membrane (in the native state), this cavity may be occupied by two or three lipid molecules with headgroups located near the lumenal side, thereby forming a lipid-rich monomer-monomer interface with a total number of 12 to 14 or more lipids (taking also into account the unassigned electron density, see above).
Lipids might be important for the dimerization process, providing flexibility and allowing for easier dissociation and dimerization of PSIIcc. In contradiction to the suggestion by Kruse and coworkers [26] we could not identify any PG molecule at the monomer-monomer interface. In addition, the localized detergent molecules have their head groups at the lumenal side of the membrane and could not be replaced by a PG that would prefer the positively charged cytoplasmic side. However, we cannot exclude that additional lipids are present on the cytoplasmic side which are not yet resolved in the 3.0 Å electron density (see discussion of un-interpreted density above).
To evaluate the role of PG in our detergent-solubilized dimeric PSIIcc from T. elongatus, we performed a lipase assay similar to the one described [26] . In contrast to the observation for spinach [26] , no change in the dimer content was observed even after prolonged incubation with phospholipase A2 (data not shown). An analysis of the specific lipid content of our monomeric and dimeric PSIIcc indicated no specific enrichment of PG in the dimeric form compared to the monomeric form (Table 1 and [30] ). These results indicate a possible difference of our system compared to plant PSII with regard to the role of PG in dimer stabilization or the accessibility of PG to phospholipase treatment. Nevertheless, an indirect effect of bulk or annular PG molecules on the stability of dimeric PSII, as suggested in [43] , cannot be excluded.
Lipid molecules in the vicinity of plastoquinone binding pockets
As in several other non-homologous membrane proteins (PSI [5] , cyt b 6 f- [7, 8] and cyt bc 1 -complex [45] ), lipids are found in the vicinity of quinone binding niches also in PSIIcc. Lipid MGDG 11 is close to the Q A binding pocket, its sugar ring being ∼ 7 Å away from the quinone ring of Q A and at approximately the same height of the membrane plane as the quinone rings of Q A and Q B . Near the Q A site two more lipids are found at longer distance from the plastoquinone, MGDG 10 at ∼ 17 Å and MGDG 9 at ∼ 18 Å. Next to the Q B site two lipid molecules are found, the one closest to Q B being SQDG 4 with an edge-to-edge distance of ∼ 10.2 Å (sugar ring to quinone ring) and ∼17.2 Å distance between sulfate group and quinone ring. The second lipid PG 3 is approximately equidistant to Q A and Q B (17-19 Å) . The positions of four of these five lipids follow roughly the pseudo-twofold symmetry relating D1 and D2 (Figs. 2,3) . Therefore MGDG 9 and MGDG 10 show roughly the same distance to Q A as their symmetry counterparts PG 3 and SQDG 4 to Q B .
Compared to the Q A binding site the binding site of Q B is more open due to the absence of a symmetry equivalent lipid to MGDG 11, which is closely associated with Q A (see Figs. 2,3) . This difference could be important to facilitate exchange of PQ9 between the Q B binding site and the diffusion cavity (see below) and ensure tight binding of the non-mobile PQ9 in the Q A binding site.
Interestingly both acidic lipids PG and SQDG were inferred to be involved in quinone binding and tuning the properties of the PSII electron acceptor side. From analysis of the PSII activity in a Synechocystis mutant strain deprived of PG it was concluded that PG is an intrinsic structural component of PSII and is required for the proper functioning of Q B , maybe located close to the Q B binding site [46] . As the found PG 3 is about 17 Å from Q B a direct interaction is not possible, nevertheless both cofactors interact with the same segment from D1 (D1-Leu 271… D1-Leu 275), making an indirect effect of PG deletion upon the binding pocket of Q B likely. It cannot be excluded that additional PG molecules might be located in the structure at higher resolution -for example in the large quinone exchange cavity -which could interact more directly with Q B . In a SQDG deficient mutant strain of C. reinhardtii the interaction of the Q B site with artificial electron acceptors was changed, indicating a conformational change due to depletion of SQDG [47] but effects on the PSII donor side were also observed.
The close association of lipids with quinone binding sites in various membrane proteins could represent a general structural feature and provide part of the hydrophobic binding pocket for the very hydrophobic quinones. For instance a phospholipid is found close to the Q O site in the yeast respiratory cyt bc 1 complex [45] and an SQDG is close to the Q O binding site in the cyt b 6 f complex [7, 8] . In the two branches of the electron transfer chain of PSI, the distribution of lipid molecules is asymmetric because a negatively charged PG molecule is close to phylloquinone Q K -A (10 Å distance between quinone ring and phosphate) and a neutral MGDG is close to Q K -B (∼ 17 Å) and MGDG 9 at ∼ 18 Å [5] . This suggests a functional role for the PG and MGDG by tuning the electron transfer rates along the two branches in PSI, but the physiological significance of the two electron transfer pathways and their different kinetic properties are still under debate.
The quinone exchange cavity
A large internal cavity for plastoquinone diffusion in and out of PSIIcc has been proposed based on the 3.0 Å structure of PSII [28] . The cavity is located close to the Q B binding site and surrounded by TMH-d and -e of D1 and TMHs of the low molecular weight subunits PsbJ, PsbK and cyt b-559 (see Fig.  4 ). The walls of the cavity are coated by hydrophobic amino acids, by phytol chains of P D2 , Chl D2 , Pheo D2 , Chla 37, Chla 44 and Chla 46 and the acyl chains of 4 lipids (SQDG 4, DGDG 5, DGDG 6, and MGDG 7). In addition the jonon rings of Car 11 and Car 12 point into the cavity. As elongated fragments of electron density are located in the cavity, it is likely that some more hydrophobic molecules reside within the open space that are too flexible (or disordered) to be traced at the current resolution of the X-ray data. The cavity has a large opening of about 16 × 16 Å 2 towards the cytoplasmic side and a smaller one with dimensions of about 10 × 20 Å 2 which is flanked by the TMH of PsbE, PsbF and PsbJ towards the membrane. The latter opening suggests that plastoquinone molecules enter the cavity from the bulk membrane phase (from the plastoquinone pool) in oxidized form, and are reduced at the Q B site which is located opposite this opening at the wall of the cavity. The structures of spinach PSII obtained by electron microscopy [48, 49] indicate that the proposed side opening of the cavity into the thylakoid membrane would also be accessible in the plant system and neither hindered by the presence of LHCII nor by the presence of the minor light harvesting complexes CP29, CP26, and CP24.
The central part of the quinone diffusion pathway is large enough to accommodate more than one quinone molecule. Therefore it might serve as a "resting area" for either quinone or quinol molecules. It is noteworthy that a spectroscopic analysis of the chromophores of T. elongatus PSIIcc showed the occurrence of about two to three PQ9 per PSIIcc [29] . The presence of a small plastoquinone pool in the solubilized dimeric T. elongatus PSIIcc was indicated by flash induced fluorescence measurements [50] and independently confirmed by EPR measurements on PSII from T. elongatus by Fufezan et al. [51] . These studies indicate the presence of non-bound PQ9, which could be located either in the diffusion pathway or in the detergent shell surrounding the solubilized PSIIcc.
The postulated exchange of oxidized and reduced plastoquinone between the Q B site and the plastoquinone pool in the thylakoid membrane via the membrane-facing opening of the cavity is also supported by the recent observation that the isoprenoid chain of ubiquinone in a lipid bilayer system lies in the central part of the bilayer approximately parallel to the membrane plane and does not significantly protrude into the fatty acid region [52] . Similar lipophilic pathways have also been proposed for the photosynthetic cyt b 6 f [7, 8] and the respiratory cyt bc 1 complex [45] .
It is likely that PsbJ and cyt b-559, which are flanking the membrane opening, are involved in the regulation of Q B diffusion. An influence of PsbJ on the electron flow from Q A to the plastoquinone pool was found in a ΔPsbJ mutant [53] . In another study, it has been shown that the redox potentials of Q B and cyt b-559 are pH-dependent and that the rate of reduction of cyt b-559 could be influenced by the conformation of the Q B site [54] . Since the heme group of cyt b-559 is exposed to the cavity, this might suggest that conformational changes induced by the contents of the cavity induce switching between the high and low potential state of cyt b-559. This is comparable to the sensing mechanism of other cofactors or protein subunits associated with the passage of quinol/quinone along the diffusion pathway that has been proposed for the phytol tail of Chla embedded in the cyt b 6 f complex [55] .
The large opening of the cavity towards the cytoplasm is most likely filled by several lipid molecules that would shield the interior of the diffusion pathway from the aqueous phase and act as kind of insulator. Based on electron microscopy studies of dimeric PSIIcc and the isolated trimeric allophycocyanin core complex of T. elongatus, a patch of low protein density on the cytoplasmic surface of PSII was observed and interpreted as a possible interaction domain with the allophycocyanin antenna proteins [56] . Interestingly the described patch covers the region of the cavity opening on the cytoplasmic membrane surface and it is conceivable that the cytosol-exposed opening is covered by allophycocyanin in the native PSII-phycobilisome complex. 
Interactions between Lipids and Chla
The main interaction between lipid molecules and Chla is the contact between fatty acids and phytol chains. Ten of the lipids reveal such interactions with phytol groups of nine different chlorine moieties (Table 2 ) and in three cases fatty acid chains point onto the chlorine ring. More interestingly, lipid head groups are observed to be part of the binding pockets for the chlorine rings of five different Chla. Two of these Chla show ligation of the central Mg 2+ (either direct or indirect) by the lipid head groups and one shows a hydrogen bond interaction between the chlorine ring and the head group of PG 3.
In the antenna subunits, two chlorine moieties located on the lumenal side are in close contact to lipid molecules. The central Mg 2+ of Chla 17 located in CP47 is at 3.9 Å distance to the acylcarbonyl function of MGDG 14. In CP43 the acyl-carbonyl of DGDG 5 is at 3.2 Å distance to the central Mg 2+ of Chla 37 (Fig. 5) . Taking into account the long distance and the coordinate error, it is not possible at the moment to decide whether the coordination is direct or via a bridging water. Notably these two lipid molecules were the first to be located in the experimental electron density suggesting that they are embedded in a well-defined binding pocket and have a specific function. Remarkably, these two Chla and lipids are related by the pseudo-twofold symmetry axis that is typical for photosystems and relates both RC subunits as well as the antenna subunits. The described coordination by galacto-lipids represents a novel mode of Chla coordination. To date, similar lipidchlorophyll binding interactions have been described for PSI [5] and LHCII [9, 10] but in these cases the central Mg 2+ of Chla is coordinated directly by a free oxygen of the phosphodiester group of PG and not by the acyl-carbonyl.
Coordination of the PG molecule
The only phospholipid located so far in the structure of T. elongatus PSIIcc is PG 3, situated between D1, D2 and CP43. Its negatively charged head group forms polar/hydrogenbonding interactions with various polar residues, including D1-Arg 140, D2-Asn 220, D2-Thr 231, and CP43-Arg 447 (Fig.  6 and Table 2 ), thereby mediating the interaction between TMH f of CP43, TMH c of D1 and the de loop of D2. The importance of this interaction is supported by the full conservation of the four residues D1-Arg 140, D2-Asn 220, D2-Thr 231 and CP43-Arg 447 in all known sequences of PSII. A possible hydrogen bond is formed between the glycerol hydroxo group and the 9 1 -keto and the carbonyl groups of ring E of Chla 44 (Fig. 6 ) that contributes to the binding pocket of this antenna Chla and possibly modulates its spectral properties.
Other interactions with cofactors
The main form of interactions between different lipids are van der Waals contact between fatty acid chains. These are found between fatty acid chains of 10 of the 14 lipids. In addition, direct hydrogen bonds between the head groups are found for four lipids (between DGDG 5 and DGDG 6 and between MGDG 9 and MGDG 10). Four lipids (MGDG 11, SQDG 12, SQDG 13, MGDG 14) form van der Waals contacts with four different Car (see Table 2 ). In these cases the lipids contribute directly to the binding pockets of the other cofactors and could therefore be required for proper arrangement/binding of these cofactors.
Various studies indicated changes in PSII activity on the electron donor and acceptor side due to changes of lipid composition in the thylakoid membrane [22, 47, 57] or by reconstitution experiments of partly delipidised PSII complexes [58, 59] . For example an effect of DGDG on the water splitting activity was observed in DGDG depletion mutants of A. thaliana [23] . Even though in our structure we do not find evidence for a direct interaction between lipids and the catalytic Mn 4 Ca cluster, the closest lipids are DGDG 2 (∼ 15.5 Å), DGDG 5 (∼ 22 Å), and DGDG 6 (∼24 Å). This could indicate a more indirect influence of the lipids on the water splitting activity. Possibly conformational changes on the lumenal side of the protein complex are induced when removing a lipid exclusively located on this side of PSIIcc.
Conclusions
The crystal structure of T. elongatus PSIIcc established lipids to be a new class of cofactors in this and related photosynthetic complexes. Lipid molecules do not only seal PSIIcc in the membrane and couple it with motions of the bulk lipid environment, but lipid-protein and lipid-cofactor interactions in PSIIcc seem to influence the stability of the entire complex and to modulate specifically the functions of protein subunits and cofactors. The prime function of lipids is connected with the flexible nature of their acyl chains that provide deformable interfaces needed for rearrangements of PSIIcc during the replacement of the photo-damaged components of the reaction centre or transition between monomeric and dimeric states.
Flexible, lipophilic environment provided by fatty acid moieties allows for diffusion of the secondary plastoquinone between its binding site Q B in PSII and the thylakoid membrane. The lipid headgroups are more rigid and tightly bound to the protein matrix. As an integral part of PSII, they influence the properties (redox potential) of the cofactors of the antenna system and of the electron transfer. The structure of PSIIcc at 3.0 Å resolution provides a basis for the design of well targeted studies on the functional role of selected lipids by genetically modifying their binding pockets.
